I. Introduction
Trimethylamine-N-oxide (TMAO) is a small zwitterionic molecule in which the oxygen (O TMAO ) and nitrogen (N TMAO ) atoms are negatively and positively charged, respectively. This O-N group can be considered as the hydrophilic part of the molecule. The rest of the TMAO molecule is composed of three methyl groups and can thus be considered as the hydrophobic part. This is the reason for TMAO being called an amphiphilic molecule. 1 To understand the biological function of TMAO, one should understand the solvation structure of TMAO, the nature and strength of the interaction of TMAO with proteins, and the conformations of TMAO and urea in an aqueous environment not only under ambient conditions but also under extreme conditions such as at high pressure. 3, 4 Typical questions regarding TMAO are: although TMAO is known to be an amphiphilic molecule, to what extent is the methyl group of TMAO hydrophobic? How do the surrounding water molecules interact with a TMAO molecule? How does TMAO interact with urea? How does TMAO stabilize the structure of a protein? Infrared (IR) spectroscopy, [5] [6] [7] [8] Raman spectroscopy, 9,10 nuclear magnetic resonance spectroscopy, 11, 12 X-ray spectroscopy, 13, 14 dielectric relaxation spectroscopy, 5, 15 and molecular dynamics (MD) simulations [16] [17] [18] have been used to address these questions.
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Phys. Chem. Chem. Phys., 2017, 19, 6909--6920 | 6911 TMAO 6 or strong hydrogen bonds between water and the hydrophilic oxygen atom. 19 In contrast to the dynamics of water near the methyl groups of TMAO, the structure of water in an aqueous TMAO solution has been found to be very similar to that of neat water. [20] [21] [22] [23] [24] Moreover, the nature of the TMAO methyl grouphydrophilic or hydrophobic -has been debated. [25] [26] [27] To resolve these apparent contradictions, new technologies have been used to study aqueous TMAO solutions: beyond the classical force field MD simulations, ab initio MD (AIMD) simulations 28 have been employed. Experimentally, beyond the linear vibrational spectroscopy, surface-specific, time-resolved, two-dimensional vibrational spectroscopy 29 has been used. More importantly, the combination of simulations and advanced spectroscopy has potential for providing a unified picture of TMAO.
In this review, we provide an overview of the recent studies on TMAO using vibrational spectroscopy and/or MD simulations. In Section II, the vibrational frequency assignment of TMAO C-H stretching modes and the frequency modulation of the water O-H stretching modes due to the presence of TMAO are discussed. In Section III, the spectroscopic investigation on the TMAO hydration structure and dynamics is introduced. Furthermore, recent efforts towards understanding these spectroscopic data based on MD simulations are also reviewed. Section IV explains the study to examine the hydrophilicity of TMAO using surface-specific sum-frequency generation (SFG) spectroscopy. We end with an outlook and challenges in understanding the complex interplay of TMAO, urea, and proteins.
II. Fundamental properties of TMAO molecules

II-A. Electronic structure of TMAO
In this section, we summarize the molecular properties of TMAO by comparing it with tert-butyl alcohol (TBA). Fig. 1 characterizes the hydrophilicity of the TMAO. In contrast, the molecular polarizabilities of TMAO and TBA are similar.
II-B. C-H stretching mode of the methyl group of TMAO
Understanding the vibrational nature of TMAO is essential to interpret the vibrational spectra and extract molecular level insight into the structure of TMAO from the vibrational data. In general, symmetric and anti-symmetric C-H stretching modes contribute to the optical spectra in the very narrow frequency range around 2900 cm À1 . In addition, the C-H stretching mode is often modulated by the overlap of the C-H stretching and the overtone of the H-C-H bending modes, which is called Fermi resonance. 35, 36 The Fermi resonance peak often overlaps the peak of the anti-symmetric C-H stretching modes, which alters their peak intensities. 37 Vibrational mode assignments have been frequently made by performing ab initio harmonic calculations. 9 Since the anharmonic effect is not included in the harmonic calculation, the calculated frequencies are usually scaled to compensate the effects of anharmonicity of potential to the vibrational frequency. 38 In this scheme, we have used a common scaling factor for different vibrational modes. 39 Moreover, the harmonic calculations cannot address the contribution of the Fermi resonance, because they do not take into account any vibrational mode couplings. To address the anharmonic correction and the Fermi resonance, the vibrational Hamiltonian approach, 40, 41 vibrational self-consistent field (VSCF) approach, [42] [43] [44] or perturbative approach 45 should be employed. The vibrational Hamiltonian approach is more computationally inexpensive, but it is more empirical than the VSCF-based approach. We summarize the C-H stretching vibrational signature of TMAO calculated from the post-VSCF-based approach in Table 1 . For a methyl group, three C-H stretching modes (symmetric, in-plane anti-symmetric, and out-of-plane anti-symmetric) contribute to the optical spectra at frequencies ranging from 2800 cm À1 to 3100 cm À1 . However, the frequencies of the C-H stretching modes vary substantially for each molecule; for methanol, the frequency difference between the symmetric mode and the in-plane antisymmetric mode is B150 cm À1 , while it is B70 cm À1 for TMAO. The symmetric mode of methanol is 100 cm À1 lower than that of TMAO. Furthermore, the anti-symmetric in-plane mode can have a higher or lower frequency than the out-ofplane mode; for methanol, the in-plane mode provides a lower frequency than the out-of-plane mode, whereas it is reversed for TMAO. is very close to the out-of-plane antisymmetric mode frequency for methanol and TBA, while it is very close to the symmetric mode frequency for TMAO. As such, peak assignments of the C-H stretching mode are highly dependent on the molecules. Accurate quantum chemistry calculations beyond the harmonic calculations therefore seem to be necessary for correct peak assignment.
II-C. Modulation of the O-H stretching mode of water due to TMAO
The O-H stretching frequency of frequency to the molecular interactions, we can understand how the solute molecules affect the hydrogen bond structure of water. 50 As is displayed in Fig. 2 (a), HOD dissolved in H 2 O shows two bands in the 2100-2600 cm À1 range: a combination band at B2100 cm
À1
and the O-D stretching mode at 2500 cm
. Addition of TMAO results in a strong increase of the absorption of the solutions at B2200-2400 cm A similar red-shifted contribution to the O-H stretching band has been reported for a solution of TMAO in H 2 O. 8 Thus, IR spectra indicate the presence of a strong hydrogen bond between TMAO and water. However, it is not clear how water molecules interact with TMAO and which interaction of water and TMAO gives rise to the low frequency O-H stretching band. High-level vibrational spectral simulations are clearly required to identify the molecular origin of the red-shift of the O-D stretching mode. 52 Here, we identify which of the O-D groups that interact with TMAO cause the appearance of the band at B2200-2400 cm À1 .
To do so, we categorized all the O-D groups of D 2 O molecules in a simulation cell into the O-D groups near the hydrophilic O TMAO atom (sub-ensemble G1), the O-D groups near the hydrophobic methyl group (G2), and the O-D groups that are away from TMAO (G3). These sub-ensembles are schematically depicted in Fig. 2(b) . 19 By calculating the vibrational density of states for these sub-ensembles, we could assign the vibrational spectra to the specific ensemble. The simulated vibrational densities of states for the sub-ensembles G1 and G2 using AIMD trajectories are plotted in Fig. 2(c) . 19 This indicates that the B200 cm À1 red-shifted band observed in IR spectra 5 
III. Hydration structure of and dynamics near TMAO
III-A. Time-resolved vibrational spectroscopy
Time-resolved pump-probe vibrational spectroscopy 52 has been used for understanding the hydration structure and dynamics near TMAO. 5, 6, 10, [54] [55] [56] For example, by exciting and subsequently probing the vibrational modes with different light polarization combinations, one can monitor the rotational dynamics of molecules. 52 By applying this time-resolved vibrational approach to the O-D stretching mode of HDO in isotopically diluted aqueous TMAO solution, it was revealed that the rotational motions of the water molecules near TMAO are largely frozen. 5, 6 Fig. 3 plots the Table 1 Vibrational frequencies in cm À1 of methanol, TBA, and TMAO calculated in this work at the level of second-order vibrational quasidegenerate perturbation theory (VQDPT2) 46 using the SINDO program. 47 The harmonic, cubic, and quartic terms of semiquartic force fields were calculated at the B3LYP/6-311+G** level of theory. The experimentally reported gas phase frequencies 9, 48, 49 This dramatic slowing down of the water motion can be found not only for TMAO solution but also for tetramethylurea (TMU), proline, N-methylacetamide (NMA), 6 and TBA solutions. 54 This is evidenced not only by the anisotropy decay data but also from vibrational dynamics data obtained by twodimensional IR (2DIR) spectroscopy. In 2DIR, the signals are plotted in contour maps by using two frequency axes -the excitation frequency (o 1 ) and the probing frequency (o 3 ). 29, 50, 52 In the two-dimensional contour map, the center line slope (CLS) of the diagonal peak is almost parallel to the diagonal line (o 1 = o 3 ) at T = 0 ps and becomes parallel to the o 1 axis for long time T between excitation and probe pulses. By monitoring this CLS over time, 57 we can obtain information on the time-scale of the spectral diffusion, i.e. how fast the vibrational modes experience different frequencies. Fig. 4 shows the 2DIR spectra in the O-H stretch region for pure water, a TMAO solution, and a TBA solution for various waiting times T. 54 Clearly, the CLS of the diagonal peak changes rapidly for pure H 2 O, while for the TMAO and TBA solutions, the CLS dynamics are slower. This again indicates that the vibrational dynamics of the O-H stretching mode slow down due to the presence of TMAO/TBA molecules, consistent with the conclusions from the anisotropy decay measurements. 6 
III-B. Molecular dynamics simulations
The anisotropy decay can be computed from a MD simulation trajectory. 52 The anisotropy decay R(t) of the O-D group of D 2 O can be given by
where r OD (t) denotes the vector of the O-D group of the D 2 O molecule at time t, and the second Legendre polynomial,
calculated from the force field MD trajectories using the Kast model of TMAO 58 shows that the slowing down of the water orientation when TMAO is added to water is rather moderate. 16 This moderate slowing down can be attributed to the excluded volume effects of TMAO hydrophobic methyl groups which suppress the jump-like water reorientation. 59 However, this cannot account for the experimentally observed strong pump frequency dependence of the anisotropy decay of water. 5 Moreover, the MD simulations predicted that the addition of TMAO does not affect the IR spectra of the water O-H stretching mode, 17 which deviates strongly from the experimental data. 5 This questions the accuracy of the force field model of TMAO. 58 In fact, discrepancies between experimental data and simulated data with the Kast force field model 58 were reported and therefore many revised force field models of TMAO have been proposed. [60] [61] [62] [63] In contrast to the force field MD, in AIMD simulations, the forces acting on the atoms are calculated based on electronic structure theory and therefore AIMD can be considered as a parameter-free technique. AIMD simulations would thus be a unique tool to re-examine the hydration structure and dynamics of TMAO.
To compare the anisotropy decay of the AIMD and force field MD, the left panel of Fig. 5 plots R(t) calculated from the AIMD trajectories at the BLYP/TZV2P level of theory using the Grimme's D3 van der Waals correction 64 and the force field MD trajectories using the Kast force field model. 58 The anisotropy decay is decomposed to the O-D groups near the hydrophilic O TMAO atom (sub-ensemble G1), the O-D groups near the hydrophobic methyl group (G2), and the O-D groups that are away from TMAO (G3), as discussed in Fig. 2(b) . The simulated anisotropy data plotted in Fig. 5 show that the force field MD simulations predict a very quick decay for the G1 sub-ensemble, whereas the AIMD simulations predict a much slower G1 anisotropy decay. This indicates that the solvation dynamics in the AIMD simulations differ qualitatively from those in the force field MD simulations. 19 This difference in the force field MD and AIMD simulations arises from the sp 3 hybrid orbital of the O TMAO atom; the hybrid orbital fixes the O-DÁ Á ÁO TMAO hydrogen bond direction, extending the hydrogen bond lifetime in the AIMD simulations, while this effect cannot be captured by the force field MD simulations. 19 Subsequently, we turn our focus to the detailed dynamics of the G1 decay. The G1 decay may arise from the following two mechanisms: (i) the O-D groups are strongly hydrogen bonded to the O TMAO atom and rotate together with the TMAO molecule (see (a) and (b) in the right panel of Fig. 5 ). The other scenario (ii) is that the O-DÁ Á ÁO TMAO hydrogen-bond is broken, and the Above, we show that AIMD simulations are very powerful to uniquely identify the structure and dynamics of water near the amphiphilic TMAO molecules. AIMD simulations have been applied not only for aqueous TMAO solutions but also for the aqueous solutions of other amphiphilic molecules. [65] [66] [67] [68] In fact, the slowing down mechanism of water near the amphiphilic TMU molecule has been investigated, but the mechanism for TMU seems to differ from that of TMAO. 66 Ensing and co-workers found that the hydration dynamics near TMU are mainly attributed to the water molecules located near the hydrophobic group. 66 As is commented in ref. 66 , different hydration structures of TMAO and TMU may arise from the zwitterionic nature of TMAO and the polar nature of TMU. This requires further understanding of how hydrophilic the N-O group of TMAO and the C-O group of TMU are, and how hydrophobic the methyl groups of TMAO and TMU are.
IV. TMAO at the water-air interface: hydrophilicity vs. hydrophobicity
IV-A. C-H stretching SFG spectra
Above we discussed the water solvation dynamics near TMAO, when TMAO is fully solvated in the bulk. However, to examine the hydrophobicity/hydrophilicity of the specific part of TMAO, full solvation of TMAO is not ideal. Rather, placing TMAO at the interface consisting of hydrophobic/hydrophilic media and observing the orientation of TMAO with respect to the interface is very useful for examining the hydrophobicity/hydrophilicity of TMAO. The water-air interface is an ideal platform for this investigation. Here, to probe TMAO near the interface spectroscopically, we consider surface specific vibrational SFG spectroscopy 69, 70 at the TMAO aqueous solution-air interface. The SFG signals are generated by overlapping an IR pulse and a visible pulse at the surface. Since the SFG optical process is a second-order nonlinear process, the signal from the centrosymmetric bulk vanishes, providing selectively the response from molecules located at the interfaces. 69, 70 As such, we can selectively probe the molecular response near the interface.
To understand the orientation of TMAO at the water-air interface, we can probe either the C-H stretching mode or the N-O stretching mode with SFG. Interpreting the C-H stretching mode is more complicated, because of the energy splitting and Fermi resonance, as is discussed in Section II. Nevertheless, the C-H mode is frequently probed, as it is easily addressed with experiments. Here, we examine the orientation of the TMAO by focusing on the C-H stretching mode (Fig. 6) .
The first attempt to identify the TMAO orientation at the water-air interface was conducted by Cremer and co-workers; 71 they performed the homodyne-detected SFG measurement for the aqueous TMAO solution-air interface and obtained the imaginary part of the second-order susceptibility (Im(w (2) (o))) from the SFG intensity data (|w (2) (o)| 2 ) 71 using the maximum entropy method. 72, 73 Im(w (2) (o)) provides the information on the absolute orientation (up-oriented toward air or down-oriented toward the bulk) with respect to the surface. Later, heterodyne detected SFG measurements have been conducted, which allow us to access Im(w (2) (o)) directly. 26, 74 Furthermore, to remove the effects of the intra-/inter-molecular coupling of water on the SFG spectra, isotopically diluted water was used instead of neat water in the heterodyne-detected SFG measurement. 27 For the vibrational response of the methyl group of lipids and surfactants, the negative peak at the C-H symmetric stretching mode indicates that the C-H group points up to the air. 75 However, the vibrational mode assignment of TMAO is much more complicated, as is discussed in Section II and shown in Table 1 ; since the C-H symmetric stretching mode overlaps substantially with the C-H Fermi resonance, we have to be careful to conclude that the negative 2960-2980 cm
À1
evidences that the methyl group points up to the air. In contrast to the complex interplay between the symmetric stretching mode and the Fermi resonance, the anti-symmetric mode is not affected by the Fermi resonance, meaning that this mode is suitable for determining the orientation of the methyl group of TMAO. The positive anti-symmetric in-plane mode manifests that the methyl group points up from the bulk water to the air. 27 
IV-B. O-H stretching SFG spectra
The effects of TMAO molecules on the O-H stretching mode of water in the SFG spectra have been interrogated through the comparison between the water-air interface and the aqueous TMAO solution-air interface. 26, 27, 71, 74 Here, we overview the SFG signatures of the O-H stretching mode of water at the water-air interface in the presence of TMAO. The SFG spectra of water at the neat H 2 O/air interface are displayed in Fig. 7(a) and (b) , showing a 3400 cm À1 negative peak and the free O-H stretching peak at 3700 cm
À1
. Note that after a long debate, the absence of the 3100 cm À1 positive SFG feature at the water-air interface has been agreed upon.
76,77
We now turn our focus on the variation of the O-H stretching SFG spectra in the presence of the amine-N-oxide group. The SFG spectra of interfacial water in the presence of TMAO and dodecyl-dimethyl-amine-N-oxide surfactant (DDAO) molecules are shown in Fig. 7(a) . For TMAO, the water response is indistinguishable from that of pure water; for DDAO, the SFG spectra in isotopically diluted water show a negative response very similar to that in pure water around 3400 cm À1 , and, in addition, an enhanced amplitude of the negative peak around 3500-3600 cm À1 . This distinct feature of the DDAO-surfactant case can be attributed to the absence of the free O-H positive peak, because the water-air interface is fully covered by the DDAO-surfactant, unlike the TMAO solution-air interface and the water-air interface. The similar 3200-3400 cm À1 SFG features of the TMAO solution and DDAO-surfactant-water interface indicate that the influence of the AO group on the water is independent of the length of the alkyl chains. This again manifests that the methyl positive peak which is missing in ref. 27 . This should be addressed in future work. Above, we have learned that TMAO is present near the interface and therefore the SFG signal of TMAO is non-zero. The remaining question is whether TMAO is excluded from the topmost water layer at the water-air interface and located in the near bulk region or really in the outermost surface region. In both AIMD and force field MD simulations, TMAO molecules can be found in the topmost layer of the water interface. This, however, contradicts the conclusion drawn from SFG spectra showing that the free O-H stretching SFG band of water is insensitive to the presence/absence of TMAO (see Fig. 7(b) ). Mondal and co-workers attributed this insensitivity to an equal number of free O-H stretching chromophores present at the TMAO-solution/air and water/air interfaces, 74 and concluded that TMAO is therefore not present at the topmost water layer. However, the SFG signal is proportional to both the number of vibrational chromophores in the laser spot and the orientation of the transition dipole moment. Thus, for attributing an invariance of O-H stretching SFG signal to an equal number of O-H stretching chromophores at the topmost water layer, one needs to assume that the orientation of the transition dipole moment is unchanged upon adding TMAO. With experimental tools, it is quite difficult to disentangle the variation of the number of chromophores and the variation of the molecular orientation as a result of the possible presence of TMAO. Therefore, again, a combination of SFG and MD simulations would be very powerful to uniquely address the molecular conformation near the interfaces. Such a combined experimental and simulation study indeed reveals that, despite the free O-H signal not changing upon addition of TMAO, TMAO is present in the outermost surface region, and, for the SFG response, the reduction in the number of free O-H groups is compensated by their increased orientation.
This conclusion was drawn from calculating the axial profiles of the average angle formed by the free O-H group and the surface normal for the water-air interface and the TMAOsolution-air interface. These are plotted in Fig. 7(c) . Here, we define the free O-H group whose hydrogen atom cannot find any intermolecular oxygen atom within a 3.3 Å cutoff sphere. The data indicate that the angular distribution of the free O-H groups is indeed affected by the presence of TMAO; due to TMAO, the O-H groups point more up to the air. As such, although some free O-H groups are displaced by TMAO, and the number of free O-H groups is accordingly reduced, the free O-H stretching SFG signal seems invariant, due to the enhanced up-orientation of the remaining free O-H groups. This clearly demonstrates that the TMAO methyl groups are hydrophobic and are present near the hydrophobic surface, despite the free O-H signal remaining constant.
V. Outlook of TMAO research
V-A. TMAO-urea interaction in an aqueous environment TMAO or other amine-oxides are found to counter the osmotic stress due to urea. [81] [82] [83] Intriguingly, in many marine environments both osmolytes are found in a rather well-defined stoichiometric ratio of 1 : 2 (TMAO : urea). 83 Indeed, the activity of many enzymes seems to be unaffected when TMAO and urea are present at a 1 : 2 ratio, 83 while for some biomolecules higher amounts of TMAO are required to compensate the osmotic stress of urea. [84] [85] [86] It is well established that urea is an efficient protein denaturant and that TMAO can efficiently stabilize proteins. Nevertheless, the observed compensation of both effects at this 1 : 2 ratio has stimulated many studies aiming at exploring the underlying molecular-level interactions, which balance the physiological effects of both osmolytes at this stoichiometry. While some evidence exists for direct complexation between TMAO and urea in bulk solution, 18, 87 other studies 82, 85, 88 indicate that TMAO-urea contacts in solution are not more frequent than what would be expected based on random collisions. In line with this notion, experimental and theoretical studies arrived at the conclusion that TMAO and urea can be considered independent of each other in bulk and that there is no evidence for specific interactions between those two molecules being the origin of the counteraction. 13, [89] [90] [91] [92] Although there seems to be no specific direct interaction between TMAO and urea in bulk, indirect effects mediated via water have been reported. 55, 82 In this context a detailed study of the behavior of mixed TMAO:urea solutions at interfaces is of particular interest, as the water hydrogen-bonded network, which mediates such indirect effects in bulk, is very different at interfaces. Indeed, classical MD simulations suggest that the situation of TMAO and urea may be drastically different if an interface is present, 94, 95 while it needs to be stressed that for such studies the choice of the force-field models is extremely critical. 94, 96 Therefore, only advances in both experimental methods and computational studies will be able to shed light on the underlying mechanisms for such complex multi-component systems.
V-B. Role of TMAO at water-protein interfaces
The variation of the biological function due to the presence of TMAO is directly linked with the molecular interaction of TMAO with proteins. The stabilization mechanism of protein structures has been intensively discussed with MD simulation techniques. 80, [97] [98] [99] [100] Using the Kast force field model, 58 Thirumalai
and co-workers have demonstrated that TMAO limits the degrees of freedom for the unfolded conformation of proteins, making the folded state more preferable. 98 However, as is discussed in Section III-B, the Kast model has serious drawbacks for describing the hydrogen-bonding dynamics and hydration structure. These may affect the stabilization mechanism of protein folding. In fact, Garcia and co-workers have shown that the Kast model of TMAO does not show preferable exclusion from the protein surface. 62 For the careful assessment of the TMAO-urea and TMAO-protein interactions, the development of an accurate force field model is crucial. [60] [61] [62] [63] The AIMD data discussed above can offer a unique check for the developed force field model of TMAO. Experimentally, the protein folding/unfolding dynamics have been investigated by time-resolved vibrational spectroscopy including 2DIR spectroscopy. Gai and co-workers conducted 2DIR measurement for the TMAO-protein system by probing the C-N stretch mode of an unnatural amino acid. 101 To answer the question of how TMAO affects proteins, we need to understand the orientation of TMAO with respect to the protein-water interface. To do so, the SFG technique would be again useful; when TMAO can interact with a specific site of a protein, TMAO can have a specific orientation resulting in a non-zero SFG signal. As such, we will be able to probe the TMAO near the protein surface selectively by SFG spectroscopy and be able to learn the orientation of TMAO.
For monitoring the association dynamics of TMAO, the chemical exchange type of two-dimensional SFG (2DSFG) would be useful. In fact, this chemical exchange 2DIR technique has been used for over 10 years, 105, 106 though it has not been applied for 2DSFG. In the chemical exchange 2DIR technique, different vibrational frequencies for associated and dissociated conformations of the TMAO-protein system generate an off-diagonal peak in the two-dimensional spectra. Monitoring the creation and annihilation of this off-diagonal peak provides information on the speed of the chemical exchanges. Chemical exchange 2DSFG would be not only powerful to address the TMAO-protein association dynamics but also to monitor the association-dissociation liquid dynamics at the interfaces. Finally, we comment on the previous combined studies of MD simulations and SFG spectroscopy at the water-protein interfaces. Since both SFG and MD can address the bond orientations and conformation of the protein, these techniques have been successfully combined. [107] [108] [109] [110] [111] Moreover, the recent advances in MD simulations allow us to calculate the SFG spectra and compare the simulated SFG spectra with the experimentally measured spectra. 112, 113 Information on the orientational motion obtained from time-resolved data is also compared with the simulation data. 114 These would be powerful tools to achieve a tight collaboration between MD simulation and SFG spectroscopy, contributing to the sophistication of the force field models and an accurate description of the protein-TMAO interactions.
VI. Concluding remarks
We have provided an overview of recent progress on the solvation structure and dynamics of water near TMAO and other amphiphilic molecules. In particular, we focus on vibrational spectroscopy and simulation studies. Several mysteries have been unveiled by combining MD simulations with vibrational spectroscopy. The hydrophilic part of TMAO forms exceptionally strong hydrogenbonds with water, which results in a strongly red-shifted This journal is © the Owner Societies 2017 contribution to the O-H stretching band in the vibrational spectrum. These strong hydrogen bonds are important to understand TMAO's function as a molecular crowder as the strong interaction can reduce the number of water molecules that are available to hydrate a biomolecule. These strong hydrogen-bonds are also at the heart of the slowing down of the water molecules' motion near TMAO. The vibrational/ computational (mainly AIMD simulation) study unambiguously revealed that the slowing down of the rotation of the O-H groups arises from the O-H group interacting with the O TMAO atom rather than from hydrophobic hydration of methyl groups of TMAO nor from the excluded volume effects due to the hydrophobic methyl group. The other highlight is uncovering the nature of the methyl group of TMAO. This can be characterized by placing TMAO at the water-air interface; the orientation and location of TMAO can be linked to the hydrophobicity/hydrophilicity of TMAO. The orientation of TMAO can be determined from the sign of the imaginary part of the SFG spectra. The combined SFG measurement and AIMD simulations revealed that the N-O TMAO group of TMAO points down to the water phase. Moreover, TMAO can be found at the water-air interface, manifesting that the methyl group of TMAO is hydrophobic rather than hydrophilic. Finally, we believe that the combination of vibrational spectroscopy and simulation techniques can play an important role in unveiling molecular insights into TMAO-protein and TMAOurea interactions.
